Highly Sensitive Fluorescence Probe Based on Functional SBA-15 for Selective Detection of Hg2+ by Xiaoyu Wang et al.
NANO EXPRESS
Highly Sensitive Fluorescence Probe Based on Functional SBA-15
for Selective Detection of Hg2+
Xiaoyu Wang • Pan Wang • Zihao Dong •
Zhengping Dong • Zongyan Ma • Jian Jiang •
Rong Li • Jiantai Ma
Received: 24 March 2010 / Accepted: 3 June 2010 / Published online: 17 June 2010
 The Author(s) 2010. This article is published with open access at Springerlink.com
Abstract An inorganic–organic hybrid fluorescence chemo-
sensor (DA/SBA-15) was prepared by covalent immobili-
zation of a dansylamide derivative into the channels of
mesoporous silica material SBA-15 via (3-aminopropyl)
triethoxysilane (APTES) groups. The primary hexagonally
ordered mesoporous structure of SBA-15 was preserved
after the grafting procedure. Fluorescence characterization
shows that the obtained inorganic–organic hybrid com-
posite is highly selective and sensitive to Hg2? detection,
suggesting the possibility for real-time qualitative or
quantitative detection of Hg2? and the convenience for
potential application in toxicology and environmental
science.
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Introduction
There has been growing interest during the last decade in
the development of fluorescent molecular sensors for
detecting metal ions in solution [1–5]. This is mainly due to
the potential application in biochemistry and environmen-
tal monitoring. Fluorescent chemosensors for selective
detection of transition metal ions, especially Hg2? ion has
also been actively investigated [6–9]. Because Hg2? is the
most toxic heavy metal ion with a distinct toxicological
profile, and arises from a variety of natural and human-
generated sources [10–12], this common pollutant poses
severe risks for human health and natural ecosystems.
However, many of these systems displayed short-comings
in practical use, such as the lack of aqueous solubility,
cross-sensitivities toward other metal ions and weak fluo-
rescence intensity. As a result, developing new and prac-
tical sensor systems for Hg2? is still a challenge. SBA-15
has generated a great deal of interest in the area of sensors
due to its high surface areas and large ordered pores
ranging from 2 to 50 nm with narrow size distributions
[13–16]. With their use in the preparation of inorganic–
organic hybrids for molecular recognition, the high surface
area allows the doping of them with a high concentration of
sensitive probes, and the highly uniform porosity allows for
facile diffusion making them excellent hosts for sensing
molecules or ions [17]. For this purpose, a variety of bulky
organic functional molecules such as tetraazacyclotet-
radecane, izocyanurate, and Schiff-base were grafted or
incorporated inside the channel of mesoporous materials
[18–20]. The design and synthesis of these innovative
hybrid mesoporous materials for heavy metal ions detec-
tion are of considerable interest and opens up an extraor-
dinary field of investigation. Moreover, using SBA-15 as a
solid binding unit has inherent advantages such as optical
transparency in the visible region and favorable biocom-
patibility. This enables such silica-based materials to be
promising sensor substrates [21–23]. On the other hand,
dansyl group is one of the most attractive fluorophores [24,
25] due to its strong fluorescence, relatively long emission
wavelength and easy derivation. Bearing this in mind, we
report a new inorganic–organic hybrid fluorescence
chemosensor (DA/SBA-15) for Hg2?. Strong signal output
in neutral aqueous environments of recognition, high
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Tri-block copolymer P123 (EO20PO70EO20, EO = ethylene
oxide, PO = propylene oxide, 5800) was obtained from
Aldrich. TEOS (Si(OCH2CH4)4) was purchased from.
Sinopharm chemical Reagent Co. Ltd. Dansyl chloride
(DC), (3-Aminopropyl)triethoxysilane (APTES) and Per-
chloric acid salts of various metals were purchased from
Alfa Aesar Co. Ltd. All the chemicals were used as
received.
Synthesis of SBA-15
SBA-15 was synthesized as reported by Zhao et al. [26]. In
a typical synthesis, 2 g P123 was dissolved in 75 ml 2 M
HCl solution with stirring, followed by addition of 4 mL
TEOS to the homogeneous solution (staring mole ratio:
TEOS/P123/HCl/H2O = 1/0.019/8.4/233). This gel was
stirred at 313 K for 24 h and then crystallized at 373 K for
24 h under static condition. The resulting solid was filtered,
washed, dried overnight at 373 K and calcined at 823 K in
air for 6 h. Thus, SBA-15 was obtained.
Preparation of DA/SBA-15 Composites
3-(Dansylamido)-propyl-triethoxysilane (DA-APTES): a
solution of dansyl chloride (0.45 g, 1.65 mmol) in CH2Cl2
(10 mL) was added to a solution of (3-aminopropyl)tri-
ethoxysilane (APTES, 0.40 mL, 1.7 mmol) and triethyl-
amine (0.30 mL, 2.15 mmol) in the same solvent (10 mL).
The mixture was stirred at room temperature for 2 h while
monitoring the reaction by TLC (toluene/ethyl acetate 1/1).
The solvent was evaporated under reduced pressure, and
the crude product was purified by flash chromatography
(silica gel, toluene/ethyl acetate 1/1) to afford 0.69 g (92%)
of DA-APTES as yellow-bright green oil [27]. 1HNMR:
(400 MHz, CDCl3, 25C): d (ppm) 0.47(t, J = 8.04 Hz,
2H, NCH2CH2CH2-Si), 1.15(t, J = 7.0 Hz, 9H, NCH2CH2
CH2-Si(OC2H5)3), 1.52(m, 2H, NCH2CH2CH2-Si), 2.90(m,
8H, N(CH3)2, NCH2CH2CH2-Si), 3.71(q, J = 7.0, 6H,
NHCH2CH2 CH2-Si-(OC2H5)3), 5.22(s, 1H, NHCH2CH2
CH2Si), 7.17(d, J = 7.2 Hz, 1H, CHDNS), 7.52(m, 2H,
CHDNS), 8.24(d, J = 7.2 Hz, 1H, CHDNS), 8.32(d, J =
8.4 Hz, 1H, CHDNS), 8.52(d, J = 7.4 Hz, 1H, CHDNS).
13CNMR (100 MHz, CDCl3, 25C): d (ppm) 7.32 (NCH2
CH2CH2-Si), 18.11 (NCH2 -CH2CH2-Si-(OCH2CH3)3),
22.92(NCH2CH2CH2-Si),45.29(N(CH3)2),45.48(NCH2-CH2
CH2-Si), 58.31(NCH2CH2CH2-Si-(OCH2CH3)3), 115.02,
118.74, 123.07, 128.16, 129.38, 129.55, 129.79, 130.15,
134.96, 151.86 (CDNS).
DA/SBA-15 Composites: 100 mg of dried SBA-15 were
suspended in 40 mL of anhydrous toluene in a round bot-
tomed flask under nitrogen. The mixture was heated at
140C to remove water by azeotropic distillation. After
30 mL of toluene was evaporated, the suspension was
cooled to 90C and 200 mg of DA-APTES was added. The
mixture was stirred for 24 h at 115C after supersonic
treatment for 1 h. The modified SBA-15 were collected by
filtration and repeatedly washed with anhydrous toluene,
dichloromethane, and then ethanol under ultrasonic con-
dition. Unreacted organic material was removed com-
pletely by monitoring the fluorescence of the washing
liquid. After drying under vacuum, the desired product was
obtained. The structure of the functional molecule and the
SBA-15 modification procedure was showed in Scheme 1.
Instruments and Spectroscopic Measurements
Fourier transform infrared (FT-IR) spectra were recorded
on a Nicolet NEXUS 670 FT-IR spectrometer (Nicolet,
USA) by the standard KBr disk method. Low angle X-ray
diffraction (XRD) analyses were performed on a Rigaku D/
Max-2400 diffractometer (Rigaku, Japan), using Cu Ka
radiation over the range of 0.5–6. Transmission electron
microscopy (TEM) measurements were taken on a Hitachi-
600 electron microscope, with an accelerating voltage of
Scheme 1 The structure of the functional molecule and the SBA-15
modification procedure
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100 kV. The thermogravimetric analysis (TGA) was car-
ried out under N2 atmosphere on Netzsch STA 449C
equipment. The samples were heated at 10C/min. Gmbh
Varioel Elementar Analysensyteme was used to charac-
terize the materials. The nitrogen adsorption/desorption
experiments were performed at 77 K in a Micromeritics
ASAP 2010 (USA). The samples were degassed at 373 K
overnight before the measurement. Perkin Elmer LS 55
spectrofluorimeter was used to obtain the fluorescence
spectra of the fluorescence material.
Results and Discussion
Figure 1 displays FTIR spectra of SBA-15 and DA/SBA-15
Composites, respectively. For SBA-15 and DA/SBA-15
Composites, the bands at 3,437 and 1,632 cm-1 are attributed
to the stretching (3,437 cm-1) and bending (1,632 cm-1)
vibrations of the surface silanol groups and the remaining
adsorbed water molecules. In the two materials, the typical
Si–O-Si bands around 1,080, 814 and 459 cm-1 associated
with the formation of a condensed silica network are present.
Additionally, the DA/SBA-15 system shows characteristic
bands for aliphatic C–H stretching vibrations attributed to
alkyl chains at around 3,000–2,800 cm-1, N–H bending
vibration around 692 cm-1 and -NH- deformation vibra-
tion at 1,509 cm-1. The presence of DA-APTES in the
modified SBA-15 was further corroborated by a broad band
at 3,000–3,300 cm-1, attributed to the NH stretching
vibration.
The X-ray powder diffraction (XRD) patterns of SBA-15
and DA/SBA-15 are given in Fig. 2. Sample (a) is highly
ordered, showing three strong diffraction peaks for the 100,
110 and 200 planes. Comparison of the diffraction patterns
for sample (b) indicates that the 2D-hexagonal ordering has
been retained after the binding of DA- APTES into meso-
pore channels of SBA-15. However, upon postsynthetic
grafting, an overall attenuation in the intensity of the dif-
fraction peaks was noticed. This attributed to the lowering
of local order. Such a decrease in reflection intensity is
interpreted as larger contrast in density between the silica
walls and the open pores than that between the silica walls
and the organic functional groups, which provides evidence
that grafting occurs inside the mesopore channels. Com-
plementary to the XRD data, the TEM images of the DA/
SBA-15 exhibit highly ordered one-dimensional channels
(Fig. 3b) compared with SBA-15 (Fig. 3a). It is clear that
the hexagonal structure of SBA-15 was preserved after the
functionalization.
The TGA curves of SBA-15 and DA/SBA-15 are shown
in Fig. 4. According to curve a, there is a continuous
weight lose of the SBA-15, and the amount of the weight
lose is about 8.27% typical for raw SBA-15. From the TGA
weight loss curve of DA/SBA-15 in Fig. 4, it can be seen
that the content of the DA-APTES grafted to the SBA-15 is
about 19.72 wt% comparing with curve a, which is similar
to the calculation result of the elemental microanalysis
(Table 1).
Nitrogen physisorption measurements of the DA/SBA-15
and the SBA-15 are shown in Fig. 5. The adsorption and
desorption isotherms of both materials display type IV iso-
therms with H1-type hysteresis loops at the high relative
pressure according to the IUPAC classification, which is a
characteristic of capillary condensation within uniform
pores. A sharp inflection in P/P0 range from 0.6 to 0.8 is
found both in isotherms of SBA-15 and DA/SBA-15, pro-
viding further proof on the maintaining of mesoporous
structure after grafting [28, 29]. The texture parameters of
Fig. 1 FTIR spectra of a SBA-15 and b DA/SBA-15 Fig. 2 Low-angle XRD patterns of a SBA-15 and b DA/SBA-15
1470 Nanoscale Res Lett (2010) 5:1468–1473
123
mesoporous silica SBA-15 were distinctly changed after
grafting of DA-APTES. The functionalized hybrid materials
exhibit a considerable decrease in BET surface area, pore
volume and pore diameter. Our results indicate that the BET
surface area is 667.21 m2/g for SBA-15, but decreases to
290.14 m2/g for the hybrid material, and correspondingly,
the pore volume shrinks to 0.59 cm3/g from 1.06 cm3/g for
the parent material. Pore size distributions presented as BJH
plots are inserted in Fig. 5. As can be seen, the BJH pore
diameters distribution for the resultant is relatively narrow
with a maximum at 5.03 nm, which shows a decrease in
diameter by 1.06 nm compared with that of parent SBA-15.
The decrease in BET surface area, pore volume and diam-
eters gives additional proof of the grafting of the fluorescent
chromophore onto the surface of the inner channel.
Figure 6 compares the fluorescence spectra of DA-AP-
TES before and after being anchored into SBA-15. The
emission band (excitation 335 nm) of DA-APTES appears
at 527 nm (curve b in Fig. 6), whereas a typical emission
band (excitation 335 nm) emerges at 500 nm in the spec-
trum of DA/SBA-15 (curve a in Fig. 6), which character-
izes a significant blue shift after the DA-APTES molecules
are anchored in the channel of SBA-15. Zhang et al. [30]
interpreted this phenomenon by the molecular orbital
confinement theory that all energy levels of guest mole-
cules increase in the channel of the host as a result of the
confinement. Consequently, the reason of the blue shift in
our experiments may be the same as that reported by Zhang
et al. In our hybrid complex, the increase in the energy
Fig. 3 TEM images of a SBA-15
and b DA/SBA-15
Fig. 4 TGA thermogram of a SBA-15 and b DA/SBA-15
Table 1 Elemental microanalysis for SBA-15 and DA/SBA-15




Fig. 5 N2 adsorption–desorption isotherms of a SBA-15 and b DA/
SBA-15. The insert corresponding pore size distribution for a SBA-15
and b DA/SBA-15
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level of the DA-APTES molecule probably results in the
blue shift on the spectrum of DA/SBA-15.
The sensitivity of fluorescence quenching from DA/
SBA-15 by Hg2? was also investigated, and the results
are described in Fig. 7a. The fluorescence intensity of
DA/SBA-15 gradually decreased with increasing Hg2?
concentration. And finally when the concentration of
Hg2? reached to 1 9 10-3 M, the fluorescence intensity
quenched to 29%. The detection limit for Hg2? is
established at 10-6 M under current experimental condi-
tions (Fig. 7b). The result of a titration of DA/SBA-15
with Hg2? ions is shown in Fig. 7. Addition of 15
equivalents of Hg2? ions caused 57% quenching of
fluorescence of DA/SBA-15.
Many different optical applications use DA as fluoro-
phore when it is linked to a receptor [31–34]. Mu et al. [35]
reported a covalent immobilization of DA on SiNWs to
form DA-SiNWs by the synthesis of 3-(dansylamino)pro-
pyltriethoxysilane and that the fluorescence of DA-SiNWs
exhibited selective responses to Hg2? ions. The experi-
mental results suggest that the dependence of the fluores-
cence intensity of DA in the presence of various ions is
similar to that of DA-SiNWs. Hg2? ions effectively quench
the fluorescence of DA, whereas other metal ions cause a
negligible fluorescence change. The fact that Pb2? ions do
not quench the fluorescence of DA suggest that the
quenching action of Hg2? ions is unlikely to be associated
with the heavy atom effect. Rather, the fluorescence
quenching may be attribute to charge transfer within DA
and Hg2? ions [31, 32]. In our experiment, the minimum
ratio of Hg2? ions to DA/SBA-15 to achieve maximum
quenching from the titration data between Hg2? ions and
DA/SBA-15 was 12. In order to assure maximum
quenching, we take 1:15 stoichiometry to detect the
selectivity of DA/SBA-15.
According to 1:15 stoichiometry, a series of experi-
ment has been done to determine the selectivity of DA/
SBA-15. The inorganic–organic hybrid chemosensor was
well dispersed in a mixture solvent of 15% ethanol/water
because of the solvent’s strong polarity. Figure 8 depicts
the plots of I/I0 against the titration of various metal ions
in the presence of DA/SBA-15 in 15% ethanol/water
solution at pH 7.0, where I0 and I stand for the fluores-
cence intensity of the material analyzed at 335 nm in the
absence and presence of metal ions. The fluorescence
properties of DA/SBA-15 in the presence of different
metal ions are shown in Fig. 8, which indicates that only
Hg2? ions quench the fluorescence of DA/SBA-15. No
noticeable fluorescence changes of DA/SBA-15 were
observed on addition of other metal ions M (M = Zn2?,
Cd2?, Fe2?, Co2?, Ni2?, Pb2?, Cu2?, Ag?, K?, Ca2?,
Fig. 6 Fluorescence spectrum of a DA-APTES (1 9 10-5 M) and b
DA/SBA-15 (1 9 10-5 M) in 15% ethanol/water solution.
kex = 335 nm
Fig. 7 a Fluorescence spectra of DA/SBA-15 with Hg2?, b Relative
fluorescence intensity of DA/SBA-15 at different concentration of
Hg2?. DA/SBA-15 (1 9 10-5 M) in 15% ethanol/water solution.
kex = 335 nm
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Na?, Mg2?, Ba2?, Al3?). Only Mn2? induces a slight
enhancement of the fluorescence of DA/SBA-15, which
may be due to the coordinate effect. As a result, the DA/
SBA-15 shows a high selectivity to Hg2? ions.
Conclusion
We have prepared a new inorganic–organic hybrid sensing
material based on SBA-15 as support and DA as fluores-
cent center. The results of the fluorescence characterization
showed that the composite has a highly selective and
sensitive (10-6M) detection for Hg2? and revealed that
ratiometric Hg2? sensing is possible with fluorophore
chemically modified SBA-15. This novel fluorescent
material may be used as a fluorescent device in aqueous
solution for the detection of Hg2?.
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